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Page 2, equation 2: Insert equal sién (=) after Zj,.
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¥y = [RG - w2LC + jw(GL + RC)]1/2

Page 3, equation 15 should read as follows:

. GL + RC 7172
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Rin = 1—u2 ,
Xin ~ 2u-sin(2E)

Page 4, first line under equation 34: Change "this calculation”
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MEASUREMENT OF DIELECTRIC PROPERTIES
OF MINERALS AT MICROWAVE FREQUENCIES

By W. E. Webb' and R. H. Church?

ABSTRACT

This report describes a method the Bureau of Mines devised for measuring the dielec-
tric constant and loss tangent of low-loss minerals at microwave frequencies. Determina-
tion of these properties makes it possible to predict the effects of using microwave heating
in potential mineral processing applications. The method uses a test cell and radio-frequency
(RF) impedance analyzer with automated data acquisition and analysis.

In this initial phase of microwave heating research, the Bureau measured dielectric
constants and loss tangents at frequencies between 100 MHz and 1 GHz. The objective
was to establish a reliable data base for use in predicting the effects of microwave heating
on minerals.

Comparison with previously measured data showed the Bureau’s measurement method
to be accurate to within +3 pet. This report describes the method and discusses the
preliminary results of the Bureau's investigations. Typical comparative data are included.

! Electrical engineer.
* Mining engineer.
Tuscaloosa Research Center, Bureau of Mines, Tusealoosa, Al.



INTRODUCTION

Microwave energy is widely used for industrial heating
applications in the United States. The potential utilization
of dielectric heating in minerals processing depends in part
on the selectivity of microwave energy absorption by a given
mineral and transparency of the other minerals. Absorption
of microwave energy by any specific material may be deter-
mined from the electrical properties of the materials involved,
namely, the dielectric constant (e,) and loss tangent (tan 3).
The dielectric constant determines how much electrostatic
energy can be stored in the mineral, and the loss tangent
determines the amount of power lost as heat to the mineral.
Thus the resulting heating is directly proportional to the prod-
uct of these factors.

In order to predict the rate of heating of a material, it
is necessary to know both its thermal and electrical proper-
ties. In particular, it is necessary to know the relative per-
mittivity (dielectric constant) and dielectric loss (loss tangent),
since the rate at which microwave power is absorbed is ap-
proximately proportional to the product of these two
quantities.

In the literature, data on permittivities and loss tangents
of materials important to mineral processing are either in-
adequate or nonexistent. Only a few references (1-4)* give
any data for minerals, and the data in these references are
limited to a very small number of materials, Furthermore,
much of the published data omits the frequency range from

about 30 MHz to 8 GHz. The probable reason is that, until
recently, this has been a difficult range in which to work, be-
ing too high for RF techniques and too low for conventional
microwave techniques. It is this frequency range which is of
interest, however, because it includes the 915- and 2,450-MHz
frequency bands allocated for use in microwave heating in
industrial, scientific, and medical (ISM) applications.

Another problem with using published data is that
minerals are not simple compounds; usually they are mixtures
whose composition and crystal structure can vary widely.
Samples taken from different deposits, or even from different
parts of the same deposit, can have significantly different
electrical properties. Other factors, such as water-content,
can also affect both the permittivity and loss tangent. Thus,
even when published data exist, they cannot necessarily be
applied indiscriminately to a given sample under
investigation.

Other important areas that could benefit from an in-
creaged understanding of the electrical properties of rocks
and minerals include through-the-earth communications,
ground-penetrating radar, and dielectric separation of
minerals.

In the initial phase of its microwave heating research,
the Bureau addressed measurements of the permittivity and
loss tangents at frequencies between 100 MHz and 1 GHz
because of the paucity of available data in this range.

MEASUREMENT TECHNIQUE

A short section of rigid coaxial waveguide is filled with
a mixture of the powdered mineral whose properties are to
be measured and a liquid with a known dielectric constant
and loss tangent. One end of the line is shorted and the other
end connected to an RF impedance analyzer that measures
the characteristic impedance looking into the line. The ef-
feetive dielectric constant and loss tangent of the mineral-
Hquid mixture are then caleulated from the input impedance
and the dimensions of the transmission line. By using a series
of liquids with different dielectric properties, it is possible
to determine the dielectric properties of the mineral alone.

The lossy transmission line equations required for inter-
pretation of the data are derived in the next section. Later,
the aceuracy and limitations of the measurement technique
are discussed, and a procedure for determining the dielec-
tric constant and loss tangent of the bulk mineral from
measurements on the powdered mineral-liquid mixture is
presented, Details of the experimental apparatus and
measurement procedures are also given, and the preliminary
results are discussed.

THEORY
Lossy Transmission Line Equation

Consider a transmission line of length [, with a
characteristic impedance Z,, that is terminated by a short
cireuit. The impedance Zy, looking into the line, is related
to the reflection coefficient T' (6} by

the end of this report.

Ly~ 7,
= S— %0 4)
Zin + ZO
Thus
! 1+T
Zy, 1T Zy (2)

where I' is related to the reflection coefficient ',y by
I'= Pload e 27[! (3)

where e is the base of the natural log and v is the complex
propagation constant for the line. For an ideal short circuit,
where I'y=~1,

1-e-2
Zip= m 0 @
Letting
y=o+]B, (4a)
Zig =Ry +Xipy {4b)
and ZO = RG +jX0, (48)

where a, 8, R, , X, R, and jX; are real and imaginary
parts of v, Z;, and Z,; and substituting u for e-2+; equation
4 may be separated into its real and imaginary parts to ob-
tain the relation

(A -ulRy—(2u-sin(28D)X,) |

Rin = 1+ul+ (Zu . 003(2135)) ' (5)




. (1-udX;-2u-sin(28DR,)
Zin 1+ u20+(2u‘ cos(2B1)) = ©)

The characteristic impedance and propagation constant for
any transmission line can be expressed in terms of the in-
ductance (L) per unit length, capacitance (C) per unit length,
leakage conductance (G) per unit length, series resistance (R)
per unit length, and angular frequency (w) by the relations

R+juL |12 .
=" | =Ry+jX 7
Zy GrjaC otJao ("
and y=/ R+J0LYG +jwC) = o +3B. ®)
For a coaxial transmission line,
Re — 1 ((Ua)+ (1)), ©)
Z2wéyo,
Zre
=2 10
© In(b/a) ’ (10)
2wo
G= ———— 11
¢ In(b/a) (a1
and L=

U b 411 1
—izw 1“;‘*?(;%)} (12)

where a is the radius of the inner conductor; b is the inner
radius of the outer conductor; y, ¢, and ¢ are the permeabili-
ty, permittivity, and conductivity, respectively, of the
material between the conductors; o, is the conductivity of
the conductor; and §; is the skin depth in the conductor, at
a frequency f:

8= 1 (nfuo )2, (13)

Equations 10 and 11 are generally valid, while equations 9
and 12 hold only at frequencies high enough that §, is small
compared with both the radius of the inner conductor and
the wall thickness of the outer conductor. At 1 MHz, §, is
0.08 mm in gold. In silver and copper at 1 GHz, 8, is less
than 0.008 mm. The minimum radius of the inner conductor
is >2 mm; hence §, < <a. For the same reason, the second
and third terms in equation 12 can be ignored, as §, ap-
proaches zero at the higher frequencies, This is demonstrated
by equation 13.

For the case of lines having smali losses (i.e., R < < oL,
and G < < w(), equation 8 may be expanded:

y=[{w* LC + RG + jw (GL + RO)]V2, 14
Disregarding the product RG,

¥ = (L)1 [1 +M] " (15)

(LC)2

using the approximation

1+X02 =~1+% X, (16)

where X < <1:

o o\ L\
y=a+iB=jo(LC)2 +Ys [RH + G(_) ] an
L c

In a similar manner and with the additional approximation
R/L< <G/C, it can be shown that

Zo=Ry+Xy~ (L/Cy2 + .1 (L/CY2 tan § . a8)
(1+tan®)2 "2 (1+tan?)iz
where tan 6= (19)

we

is the loss tangent for the dielectric filling the line.

Application of Theory to Dielectric-Constant and
Loss-Tangent Measurement

If it is assumed that the resistance per unit length of the
transmission line (R) is known or can be measured, then R,
Xy, 8, and u can be expressed in terms of o and ¢ using equa-
tions 4, 9 through 12, and 17 through 19. These expressions
could then be substituted into equations 5 and 6 to obtain
a pair of simultaneous equations for ¢ and e that could, in
principle, be solved to obtain the permittivity and condue-
tivity (or loss tangent) from the measured values of the in-
put impedance Ry, +jX,. The resulting equations are intract-
able even using numerical methods. An iterative method of
determining the dielectric constant and loss tangent from the
input impedance is therefore used.

Substituting C and L from equations 10 and 12 into equa-
tion 17, disregarding the second term in equation 12, and
assuming p =y,

B=2mf (ueP2 =2t Gy €12 (20)
p=22 ey (21)

If a lossless line is assumed as an initial approximation, then
u=1 and X;=0, and equation 6 reduces to

X, =—Sn@BO Ry _p o). 22)
1+ cos(2B1)

However,
R0=(£)M= In b/a ( o )1/2 (23)
C 2% €€
Ry air) .
" e .
2xfl X ta
and o Ay tang (©25)

C R, (air) g7



where £ is a substitution for

£= 218 ey (26)

Equation 26 can be solved numerically for £ and ¢, can then
be obtained from equation 26,
Taking the ratio of equations 5 and 6,

X, 1-u? @7
R, 2u-sin(2f)’

n

R
and W (2 i @8)
Xin

sin(zs))u -1=0,

which can be solved for u using the quadratic formula to
obtain

u= ~k+(k2+1)2, (29)
. X .
with k=—"sin(2%). (30)
Rin
Once the value for u is obtained, o is found from
1
=-=Inuy 31
o 9l ’ ( )
but from equations 17, 23, and 24,
1 (E,,.)llz 1
a= >R Re + 1GRyy] [leye (32)
Using equation 11,
R 1/2 R, . 1
o= () P ) I u  (33)
2Ry o1 1n(b/a)e, )12 21
hence,
- In(b/a)(e, )2 R(e, )2 1
= . + 57 In uf. 34
TRoairy ZRogy 21 &4

The values of ¢, and o obtained from this calculation are
substituted into the following two expressions obtained from
equation 18:

Ry,
Ro - O(air) (35)
(€,)V2(1 + tan?g)V/2
X, = Rypintan 8 (36)
2(e, J2(1 + tan28)1/2

These values, along with the previous value of u, are
substituted into equation 6, which is solved numerically for
a new value for ¢, This value is then used to compute a new
value of u from the ratio of equations 5 and 6:

R, R, .
Ry~ X’“ X,) u?+2(X, + X”‘ R,) sin (260) u

in in

R,
~(Ry— =+ X)=0 (37)

Xin
This process is continued until consistent values of e, and ¢
are obtained. The loss tangent, tan 8, may then be computed
from the conductivity, o, using equation 19.

ACCURACY AND LIMITATIONS
Inherent Accuracy of Impedence Analyzer

According to the manufacturer’s specifications the im-
pedence analyzer used for these tests has an aceuracy of 1
pet. Thus it is desirable to keep other sources of error below
this value. Errors resulting from approximations in the
analysis, dimensional tolerance of the test cell, etc., are
discussed in the following paragraphs.

Small-Loss Approximation

In the derivation of the previous section, the assumptions
made were that R- < < wL and G < < wC. These assump-
tions will now be examined to see what limitations they im-
pose on the materials that can be measured using the tech-
nique described. First consider the assumption that R < <
wL. From equation 9, the inductance per unit length of a 50-Q
coaxial line is found to be 1,67 x 10-” H/m. Thus wL is approx-
imately 10 @/m at-10-MHz,-or 1,000 @/m at 1 GHz., The
resistance per unit length computed from equation 9, using
the conductivity of gold, is found to be approximately 0.08
{/m at 10 MHz, or 0.8 Q/m at 1 GHz. Consequently, R is from
two to three orders of magnitude smaller than wL over the
frequency range of interest.

For the second assumption, G < < wC, note that since
G/C=ale,

% —tans << 1 (38)
we
or 8 << 2ufeg,. (39)

One further assumption implied in the derivation is that

R Gz, << (40)
ZO

Substituting typical values for the transmission lines leads
to the requirement that the resistivity, o, of the sample meets
the following conditions:

¢ >> 160 at 100 MHz;
e >> 16 at 1 GHz

Most minerals listed in standard tables of dielectric proper-
ties such as those compiled by Von Hippel (8) and
Parkhomenko (1) easily meet the requirements of equations
38, 89, and 41. The notable exceptions are a few coals and
some conductive ores, such as the metallic sulfides. Thus it
is concluded that the equations used to compute the dielec-
tric constant at room temperature are sufficiently accurate
for most minerals.

(1



Test Cell Dimensions

The characteristic impedance (Zg) of the empty test cell
is determined by the ratio of the radii of the outer and inner
conductors (b and a, respectively} through the relation

7, = 60 In(bla). (42)

Because of the complex way in which Z; enters into caleula-
tion of e, and tan 8, it is not possible to determine analytical-
ly the effect of errors in the cell diameter. Therefore, data
on a sample of pure acetone were used to calculate ¢ and tan
8 assuming values of Z, from 49 to 51 Q. It was found that
an error in Z, of 0.5 © led to an error of 0.25 pet in € and
0.69 pet in tan 8. Thus an error of +0.5 @ in Z, appears to
‘be acceptable. By differentiating equation 42 and allowing
the error in a and b to contribute equally to the error in Z,
it was found that the tolerance for the inner and outer
diameter would be +0.002 in for a and +0.004 in for b.

Because of the small diameter of the inner conductor,
it was impossible to maintain the required tolerance. For-
tunately, the line impedence depends only on the ratio b/a.
It was therefore possible to select an inner conductor close
to the desired size and then ream the outer conductor to give
the correct ratio.

Analysis of the error introduced by uncertainty in the
length of the cell (I) indicated that the percent error in both
¢ and tan § is approximately twice the percent error in {, Thus,
if the accuracy in measuring ! for a 10-cm-long cell was +1
mm, an error of 42 pet in the computed values of ¢ and tan
8 would result,

Quarter-Wavelength Effect

If the length of the test cell is an odd multiple of one-
fourth of the guide wavelength in the cell, a voltage null ex-
ists at the input port of the cell. This results in a low signal-
to-noise ratio at the test port of the impedance analyzer and
hence a decrease in aceuracy. In fact, at frequencies suffi-
ciently close to the frequency that produces the quarter-
wavelength condition, the analyzer output becomes unstable
and varies randomly, Clearly these frequencies must be
avoided.

In order to cover the entire frequency range from 1 MHz
to 1 GHz, two or more test cells of different lengths are used.
For each cell, the data for which 0.22 nAy; < I< 0.28 n); are
discarded, where A\ _=guide wavelength, [=length of cell,
and n=an odd integer. In this way the entire frequency range
may be covered,

DETERMINATION OF DIELECTRIC CONSTANT
OF BULK MATERIALS

At higher microwave frequencies, the usual techniques
for dielectric measurements involve cutting a block of
material so that it just fills a portion of the rectangular
waveguide. In the case of the measurements described here,
this was impractical for several reagons; namely, the presence
of the center conductor, the small size of the transmission
line, and the difficulty of machining mineral samples.
Meagurements were therefore made with powdered samples.
Measurements using powders, however, do not yield the
dielectric properties of the bulk solid but that of a solid-air
mixture. A number of investigators have proposed models
for relating the dielectric constant of a mixture to the dielec-
tric constants of its component (8),

An alternate technique for determining the dielectric con-
stant of the bulk material was developed. This technique is
based on the assumption that if a material is immersed in
a Jiquid having the same dielectric constant, then the dielec-
tric constant of the mixture will be the same as that of the
liquid.

The test procedure is based on the premise that if the
test cell is filled with a finely powdered sample of the material
whose dielectric constant is to be measured, and a liquid of
known dielectric constant is then added until all the space
between the solid particles is filled, the dielectric constant
of the mixture can then be determined. This procedure is
repeated using liquids with different dielectric constants until
the dielectric constant of the mixture is the same as that of
the liquid alone.

In order to be able to continuously vary the dielectric con-
stant of the liquid, mixtures of two liquids are used. For
minerals with dielectric constants between 2.3 and 20.6, a
mixture of perchloral (tetracloroethylene) and acetone is used;
for dielectric constants between 20.6 and 75.63, a mixture
of acetone and deionized water is used, The dielectric con-
stants of these mixtures were measured and found to be an
almost linear function of the percentage of the higher dielec-
tric component. Using a least-mean-square technique, a
quadratic curve was fit to the data.

PFigure 1 is the fitted plot of the dielectrie constant (re-
ferred to as relative permittivity on the plot) of the acetone-
perchloral (liquid-liguid) mixtures, Figure 2 is the fitted plot
of the conductivity of these mixtures. From these data the
dielectric constant and tangent loss can be calculated from
the previously derived equations for the resistance (R) and
reactance (X) values measured with the impedance analyzer.
The dielectric properties can be determined for minerals with
dielectric constants between 2.8 and 20.8 and conductivities
between 1 x 10 and 2 x 10 8. Similarly, the data used
to derive figures 8 and 4 can be used to calculate the dielec-
tric properties for minerals with dielectric constants between
20.6 and 76.6 and conduetivities between 2 x 10 and 2 x
10 S at 900 MHz. The dielectric constant and conductivity
can be computed for any desired frequency between 100 MHz
and 1 GHz, with the corresponding tangent loss calculated
from the conductivity value.

The dielectric properties of a mineral are determined by
conducting a series of 11 tests with the mineral in the test
cell, Each test is conducted by immersing the mineral in a
liquid-liquid mixture whose dielectric properties are known.
The dielectric constant (¢) and conductivity (o) for the
mineral and liquid-liquid mixture are measured in each test.
This experiment is then repeated with varying percentages
of each liquid-liquid mixture. A curve can then be plotted from
the data points of the mineral and liquid-liquid mixture com-
binations. The intercept point of this curve with the liquid-
liquid mixture curves {figs. 1-4) is where the dielectric con-
stant (for quartz, figure 5) and the conduetivity (for quartz,
figure 6) are equal. From the conductivity value, the loss
tangent is caleulated from equation 19, This caleulation holds
true for small values of tan & << 1,

INSTRUMENTATION AND PROCEDURES

The coaxial test cell is connected to a Hewlett Packard
(HP) 4191A* RF impedance analyzer. This analyzer applies
an RF signal to the input of the test cell and measures the
magnitude and phase of the applied and veflected voltage by

4 Reference to specific products does not imply endorsement by the Bureau
of Mines,
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means of a direetional bridge. Comparison of these voltages
gives the complex reflection coefficient at the input of the
test cell. This reflection coefficient can be displayed either
as real and imaginary parts or as magnitude and phase. In
addition, a microprocessor within the HP-4191A analyzer can
compute the input impedance of the line from the reflection
coefficient. The frequency of the signal can be varied from
1 MHz to 1 GHz in steps as small as 100 Hz.

The impedance analyzer is controlled by a HP-1000 com-
puter. The computer is programmed to transmit the control
signals necessary to sweep the analyzer frequency and record
the input impedance at each frequency step. Data from the
analyzer are transmitted to the computer, where they are
analyzed to determine the dielectric constant and loss tangent
of the material in the test cell.

Test Cell

A test cell ig shown in figure 7. The base of the test cell
is mounted on a 7-mm connector which attaches to the device-
under-test (DUT) port of the impedance analyzer. The top
of the cell is shorted with a screw-on cap. A set screw on the
cap insures good electrical contact between the cap and in-
ner conductor, The cells are designed so that they may be
completely disassembled for cleaning.

Wing nut
7 1,0
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ST Quter
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i
i
1
Outer metal ring ;i
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Iﬂ{ . § N
A \‘\
7.{ 0,120"
0,275"

FIGURE 7.—Test ceil used to measure dlelectric properties
of minerals.

The inner and outer conductors of the test cell are con-
structed of brass, as is the shorting cap. A Teflon fluorocar-
bon polymer washer is used to seal the base of the cell. The
diameters of the conductors are chosen to be the same as the
corresponding dimensions of the 7-mm connector.

Correction for Length of Connector AR

The input impedances used in the calculations are .as-
sumed to be measured at the input end of the test: cell.
However, the impedance analyzer measures the impedance
at its own output port. These two points are separated by
the length of the 7-mm connector and the thickness-of the
Teflon washer. The impedance analyzer has provigions for
compensating for this separation provided that the electrieal
length is known. The electrical length is defined-as the
distance in air that would give the same phase shift as the
line connecting the device under test to the impedance
analyzer. To measure the electrical length, the outer condue-
tor is removed from the base of the test cell and replaced
by a shorting plug, The reflection coefficient is then measured
and the electrical length, [,, computed from the relation

-—L
ge' 2)6 In I-‘m' ;.‘: (]43)

Measurement Procedure

Before making a measurement, the test cell is cleaned
with dilute hydrochloric acid to remove any oxidation from
the surfaces of the conductors that would increase their elec-
trical resistance. The cell is then filled with the mineral sam-
ple and perchloral, The cell is then connected to the im-
pedance analyzér, and the program that controls the analyzer
is initiated. Under computer control, the frequency is gwept
from 100 MHz to 1 GHz, usually in 20-MHz steps. The im-
pedance is measured at each frequency and stored in the com-
puter. The computer reads the frequency, resistance, gnd
reactance, The dielectric constant and loss tangent are then
computed at each frequency and stored. This process is
repeated for the acetone-perchloral mixture from 0 to 100
pet acetone in 10-pet steps. After the final run, the dielec-
tric constant of the solid is computed, For high-dielectric
(> 20) materials, the procedure is the same except that water-
acetone mixtures are used. .

All data collection and processing is automated and is done
under computer control, The computer program (written in
FORTRAN) controls the operation of the impedance analyzer.
The program collects the data (frequency, resistance, and
reactance), converts the data from character form to real
numbers, and stores the data on a hard digk for later retrieval.
The program makes corrections to compensate for the various
electrical lengths of the individual test cells. A subroutine
is used in the main program to caleulate the dielectric con-
stant (epsilon) and conductivity (sigma) at each frequency
from the resistance and reactance of the mineral using the
previously derived equations. .



PRELIMINARY RESULTS

In order to verify the accuracy of the measurement tech-
nique, the dielectric constants of a number of materials were
measured and compared with published data. In particular,
standard samples of nitrobenzene, cyclohexane, and
dichloroethane obtained from the National Bureau of Stand-
ards (NBS) were measured. Other samples included reagent-
grade acetone and perchloral, as shown in table 1.

The variation from the accepted value for the dielectric
congtant is approximately 3 pet, as predicted by the error
analysis presented in the “Accuracy and Limitations” section.
Table 2 shows the results for a typical low-loss mineral,
quartz. The measured dielectric constant differs from the
published value by 1.8 pet and the measured loss tangent by
2.5 pet.

These results and measurements on a number of other
minerals indicate that the measurement technique is accurate
for liguids and solids with low to moderate conductivity.
Measurements on materials with very high conductivity have
been less satisfactory. The principal problem encountered
with very lossy materials is that the wave traveling through
the coaxial test cell is attenuated to such a degree that the
signal-to-noise ratio at the input of the impedance analyzer
is degraded to the point where measurement of the input im-
pedance becomes Impossible. Fortunately, introduction of a

lossy material into the test cell also reduces the guide wave-
length, allowing the use of a shorter test cell, It is therefore
believed that by using shorter test cells the measurement
technique can be extended to conductive minerals. Other
methods are also being investigated to measure these high-
loss minerals.

TABLE 1.—Comparison of measured dielectric constants
with published data for liquids.

Dislectric constant (¢,)

Liquid Measurad Reference  Dlfference, pot
value value
Cyclohexane' ....... 21,953 32.01517 3.10
1,2-Dichlorosthane’ .. *10.14 *10.3551 2.07
Nitrobenzene' ....... 233,72 234.7416 2.94
Perchioralt ......... 82,27 $2.30 1.30
Acetone® ........... 20.53 ¢20.70 .80
Water” ............. $75.63 $78.54 3.70

! Obtalned from NBS; dlslestric constant reference material.
2 Averaged from 3 measursments.

* NBS value at 25°C.

+ Reagent-grade material.

* Averaged from 2 measurements.

s Maryott and Smith (5).

7 Deionized water at 18 M{yom.

TABLE 2.—Comparison of measured dielectric properties with published data for minerals

Dielectric constant {¢,}

Loss tangent (tan &)

Mineral Measured Reference Difference, Measured Reference Difference,

value value! pect vailue valus! pet

QUEIZ e estccneeeniiieaninens .. 3.00 3.85 1.3 156 X 10 1.6 10~ 25

Corundum . ..oiiinnn s 9.1 9.34 2.57 1.30 % 10 NA NA

07 11 - T 8.87 8.8 3.14 5.56 x 10~ NA NA

Muscovite ... ...coveiiiiiiiiiiains 4.05 5.4 25.00 1.8 %10+ NA NA

Periclase .........ccocvnnnnnn e 9.41 9.65 2.49 4.52% 10 NA NA

Cerrusite ...... PR 22.85 18.6 22.8 4,57 x 107 NA NA

NA  Not avallable. + All from Young (2).

The Bureau of Mines has devised a technique for measur-
ing the dielectric constants and loss tangents of minerals in
the frequency range from 100 MHz to 1 GHz. The experi-
mental apparatus necesgsary to implement this technique has
been constructed and tested. Data acquisition and analysis
is fully automated, requiring only loading of the test cell, con-

- necting the test cell to the analyzer, and starting the com-

puter program.

Experimental measurements on previously measured
materials verify that this technique is aceurate to about 3 pet
for minerals with low to moderate conductivity, i.e., dielec-
tric co?stants from 2,3 to 76,6 and loss tangents from 1x 10
to 2x 107,
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